T he exact mechanisms of how neonatal exposure to general anesthetics may affect brain development are unclear. Animal studies indicate that anesthetics are especially harmful if administered at an early postnatal age. In rodents, this window of brain vulnerability spans approximately the first 2 postnatal weeks. 1 The first 2 weeks of life in rodents are characterized structurally by extensive postnatal neurogenesis and synaptogenesis and functionally by fundamental differences in cellular physiology. One unique property of the brain during this early life period is its increased excitability, which plays an important role regulating signaling pathways that control many developmental processes, including neurogenesis and synaptogenesis. [2] [3] [4] This normal developmental increased excitability is supported not only by the highest number of excitatory cortical and hippocampal synapses but also by excitatory effects of the main and otherwise inhibitory neurotransmitter, γ-aminobutyric acid (GABA). 5 In immature hippocampal and cortical neurons, the intracellular concentration of Cl − , which is the main charge carrier through the GABA type A receptor (GABA A R) channels, is increased due to the relatively high expression of the Na + -K + -2Cl − (NKCC1) Cl − importer and the relatively low expression of the K + -2Cl − (KCC2) Cl − exporter. Consequently, the resulting transmembrane gradient for Cl − supports outward depolarizing Cl − currents upon activation of GABA A R channels. An abnormal increase in GABA A R-mediated excitation is BACKGROUND: An imbalance between excitation and inhibition in the developing central nervous system may result in a pathophysiological outcome. We investigated the mechanistic roles of endocrine activity and γ-aminobutyric acid type A receptor (GABA A R)-mediated excitation in electroencephalographic seizures caused by the GABA A R-selective anesthetic propofol in neonatal rats. METHODS: Postnatal day 4-6 Sprague Dawley rats underwent a minor surgical procedure to implant electrodes to measure electroencephalographic activity for 1 hour before and 1 hour after intraperitoneal administration of propofol (40 mg·kg −1 ). Various treatments were administered 15 minutes before administration of propofol. RESULTS: Episodes of electroencephalographic seizures and persistent low-amplitude spikes occurred during propofol anesthesia. Multifold increases in serum levels of corticosterone (t (10) = −5.062; P = 0.0005) and aldosterone (t (10) = −5.069; P = 0.0005) were detected 1 hour after propofol administration in animals that underwent experimental manipulations identical to those used to study electroencephalographic activity. Pretreatment with bumetanide, the Na + -K + -2Clcotransporter inhibitor, which diminishes GABA A R-mediated excitation, eliminated both seizure and spike electroencephalographic activities caused by propofol. Mineralocorticoid and glucocorticoid receptor antagonists, RU 28318 and RU486, depressed electroencephalographic seizures but did not affect the spike electroencephalographic effects of propofol. Etomidate, at a dose sufficient to induce loss of righting reflex, was weak at increasing serum corticosteroid levels and eliciting electroencephalographic seizures. Etomidate given to corticosterone-pretreated rat pups further increased the total duration of electroencephalographic seizures caused by administration of exogenous corticosterone (t (21) = −2.512, P = 0.0203). CONCLUSIONS: Propofol increases systemic corticosteroid levels in neonatal rats, which along with GABA A R-mediated excitation appear to be required for propofol-induced neonatal electroencephalographic seizures. Enhancement of GABA A R activity alone may not be sufficient to elicit neonatal electroencephalographic seizures.
www.anesthesia-analgesia.org aNesthesia & aNalgesia associated with developmental abnormalities. 6 In agreement with this we found that bumetanide, that reduces GABA A R-mediated excitation by inhibiting NKCC1 activity, [5] [6] [7] [8] alleviated developmental side effects of sevoflurane and isoflurane in neonatal rats, including electroencephalographic (EEG) seizures. [9] [10] [11] Recently, Lim et al. 12 reported that bumetanide prevented postsevoflurane hyperexcitatory behavior in postnatal day (P) 5 rats. Koyama et al. 13 found that bumetanide diminished excitatory and increased sedative effects of the GABA A R-selective anesthetic midazolam in P7, but not in P28 rats.
We have observed that exposure of neonatal rats to sevoflurane and isoflurane (unpublished observations) was accompanied by a prominent increase in serum levels of the mineralocorticoid hormone, aldosterone, and that exogenous aldosterone, administered at high doses, further enhanced EEG seizures caused by sevoflurane. 10 Aldosterone and glucocorticoids, corticosterone (in rodents) or cortisol (in humans), are corticosteroid hormones produced in the adrenal cortex. The 2 hormones share similar synthetic pathways and the same mineralocorticoid receptors (MRs) mediating their actions. Corticosterone acts in the brain through either the high-affinity MRs or the lowaffinity glucocorticoid receptors (GRs) initiating slow gene transcription-mediated and rapid nongenomic effects. Because of the higher concentration of corticosterone than aldosterone, the majority of MRs in the brain are occupied by corticosterone. 14, 15 Corticosterone produces a number of proexcitatory effects, such as an increase of presynaptic glutamate release, inhibition of glutamate uptake, and induction of expression of the N-methyl-d-aspartate (NMDA) and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors. 16, 17 Here, using the GABA A R-selective general anesthetic propofol, we tested the hypothesis that both GABA A R-mediated excitation and increase in corticosteroid levels are involved in mediation of neonatal EEG seizures caused by general anesthetics, whose mechanisms of action include enhancement of GABA A R activity.
METHODS Animals
All experimental procedures were approved by the University of Florida Institutional Animal Care and Use Committee. Sprague Dawley rats were studied. To control for litter variability, we used several pups from each litter for different treatment conditions. At the beginning of each experiment, the pups were determined to be well nourished as judged by their stomachs being full of milk (detectable through the transparent abdominal wall). Multiple sets of animals were used in a majority of the experiments.
Electroencephalogram Recording
EEG recordings were performed in a thermostated chamber (+37 °C) with a continuous supply of oxygen (1.5 L/ min). To study the effects of propofol on cortical electrical activity in rat pups ranging from P4 to P6 and from P17 to P18, animals were instrumented for EEG recording as described previously. [9] [10] [11] In brief, during a 12-to 15-minute minor surgical procedure performed under isoflurane anesthesia (1.6%-2.0%), 4 electrodes were implanted bilaterally in occipital and frontal regions of the rat pup's scull with the left frontal electrode serving as the reference electrode. Continuous EEG recordings were performed using an EEG/ electromyogram system (Pinnacle Technology, Lawrence, KS). Acquisition of the EEG was performed using Sirenia software (Pinnacle Technology). Sampling interval per signal was 200 μs (5 kHz). Sirenia Score (Pinnacle Technology), Clampfit 9.2 (Axon Instruments, Union City, CA), and MiniAnalysis (Synaptosoft Inc., Fort Lee, NJ) programs were used for EEG data analysis. Data were filtered offline using a bandpass Bessel (8-pole) 0.04-to 56-Hz filter. 9 Root mean square of the EEG was computed for 2.56-second segments. We have previously verified that no obvious differences in EEG activity were detected when EEG electrode implantation was done either immediately before or 1 to 2 days before the start of EEG recording. 10 Therefore, in this study the EEG recordings started after recovering from anesthesia for electrode implantation and lasted for 1 hour before and for 1 hour after intraperitoneal injection of 40 mg/kg propofol. At this dose of propofol, the rat pups lost their righting reflex in 84.6 ± 19.59 seconds (n = 4) and did not respond to handling 1 hour after administration of the anesthetic. All animals were without cyanosis and breathing regularly. Our protocol with propofol is a shorter version of the anesthesia protocol originally described by Briner et al. 18 in neonatal rats consisting of 6 injections of propofol (40 mg/kg intraperitoneally for induction for the first 60 minutes and then 20 mg/kg/h intraperitoneally every hour for 6 hours in total). Neither Briner et al. nor other authors using a single injection of propofol at 75 mg/kg intraperitoneally detected significant changes in blood gases or glucose in neonatal rats. 18, 19 To study the roles of GABA A R-mediated excitation and corticosteroid receptors in the effects of propofol, separate groups of P4-P6 rats received: (1) the NKCC1 inhibitor, bumetanide (1.82 mg/kg, intraperitoneally); (2) the MR antagonist, RU28318 (10 mg/kg, intraperitoneally); and (3) the GR antagonist, RU486 (10 mg/kg, intraperitoneally), 15 minutes before intraperitoneal injection of propofol, whereas control animals received either equal volumes of saline or dimethyl sulfoxide vehicle. To obtain additional evidence of involvement of corticosteroids in generation of the excitatory EEG patterns in neonatal rats, other experimental groups received corticosterone only (0.2 mg/kg, intraperitoneally), etomidate only (8 mg/kg, intraperitoneally), and corticosterone (0.2 mg/kg, intraperitoneally) 15 minutes before administration of etomidate (8 mg/kg, intraperitoneally). This dose of corticosterone (0.2 mg/kg) is in the range of glucocorticoid doses administered to children in the early postnatal period to alleviate respiratory distress syndrome and to modulate the inflammatory response associated with cardiopulmonary bypass. 20, 21 The EEG effect of etomidate was tested because it inhibits the adrenal synthesis of corticosteroids but enhances GABA A R activity. It took 58.4 ± 8.68 seconds (n = 4) to observe loss of righting reflex by the P4-P6 rats injected with etomidate (8 mg/kg, intraperitoneally). To determine a dose for etomidate that would give similar levels of anesthesia, we used a study in adult rats comparing propofol and etomidate requirements to achieve similar levels of burst suppression. 22 This study determined that the dose for etomidate was on average 1 quarter or slightly less than the corresponding propofol dose. Based on this information, a ratio of 1:5 for etomidate and propofol was chosen. It is important to stress that etomidate was used in this study as a drug that enhances GABA A R activity and interferes with synthesis of corticosteroids. It was not a goal of this study to compare the effects of propofol and etomidate at equipotent doses. EEG patterns characterized by an amplitude at least 3 times higher than baseline and rhythmic (>2 Hz) activity that lasted for at least 3 seconds and abruptly reverted to baseline were defined as seizure-like EEG patterns. In most cases, these patterns start as high-frequency low-amplitude activity that developed to increased amplitude and decreased frequency and then abruptly reverted to baseline activity. [9] [10] [11] Continuous isolated spikes that appeared in EEGs recorded in anesthetized rat pups were not considered EEG seizures and were analyzed separately. The investigators analyzing the EEGs were blinded to the experimental conditions, and all EEGs were reviewed by 3 independent reviewers. About 5% of animals exhibited episode(s) of seizure-like EEG patterns before the start of anesthesia and were not included in the data analysis. The sample sizes in this study were based on previous experience with the same experimental techniques. [9] [10] [11] 
Measurement of Serum Corticosterone and Aldosterone
To assess serum levels of corticosterone and aldosterone in conditions identical to those used to study the EEG effects of propofol and etomidate, blood samples were collected 1 hour after administration of propofol or etomidate to a separate group of animals that underwent surgery for electrode implantation and 1 hour separation from the dams before anesthetic administration. Serum corticosterone and aldosterone were measured using commercial ELISA kits (Cayman Chemical Company, Ann Arbor, MI) following the manufacturer's instructions.
Drugs
Propofol and etomidate were purchased from APP Pharmaceuticals, LLC (Schaumburg, IL) and Hospira, Inc. (Lake Forest, IL), respectively. Intralipid, corticosterone, and RU486 were acquired from Sigma-Aldrich (St. Louis, MO). RU28318 was purchased from R&D Systems, Inc. (Minneapolis, MN). Bumetanide (Ben Venue Laboratories, Inc., Bedford, OH) was purchased from Bedford Laboratories TM (Bedford, OH).
Statistical Analysis
SigmaPlot 12.5 software (Systat Software, Inc., Point Richmond, CA) was used for statistical analyses. Single comparisons were tested using the t test. All comparisons were run as 2-tailed tests. The normality assumption test was performed using the Shapiro-Wilk test with the P value set at 0.05. Data for properties of EEG seizures in the corticosterone only and corticosterone plus etomidate groups were log transformed before analysis. The numerical values are expressed as mean ± SE. A P ≤ 0.05 was considered significant.
RESULTS
Propofol caused hyperexcitatory EEG activity and increased serum levels of corticosteroids. Analysis of the EEG activity of P4-P6 rats after administration of propofol revealed patterns of EEG seizures in 7 of 10 studied animals ( Fig. 1 , A-C). These were similar to those previously seen during anesthesia with sevoflurane or isoflurane. 10, 11 The duration of individual propofol-caused episodes of EEG seizures ranged from 4 to 61 seconds. In addition to seizure-like EEG activity, the postpropofol administration period was characterized by the presence of continuous isolated spikes in EEGs ( Fig. 1, A, B , and D). The frequency of the propofol-caused EEG spikes ranged from 0.068 to 1.45 Hz (Fig. 1D ). Propofol caused neither EEG seizures nor spikes in P17-P18 rats (n = 4).
To test whether anesthesia of neonatal rats with propofol is associated with a change in systemic levels of corticosteroids, we measured the serum levels of corticosterone and aldosterone in separate groups of P4-P6 rats that underwent experimental manipulations identical to those used to study EEG activity. Propofol or equal volumes of vehicle were administered 1 hour after completion of surgery for implantation of EEG electrodes. Serum levels of corticosterone in the blood samples collected 1 hour after administration of propofol revealed a significant increase in levels of corticosterone in animals anesthetized with propofol (t (10) = −5.062; P = 0.0005, Fig. 1E ). The serum levels of aldosterone in rats anesthetized with propofol were also higher than in rats that received vehicle (t (10) = −5.069; P = 0.0002, Fig. 1F ).
Inhibition of NKCC1 importer or corticosteroid receptors diminished electroencephalographic seizures caused by propofol.
To test whether developmental GABA A R-mediated excitation plays a role in propofol-caused hyperexcitatory EEG patterns, a group of P4-P6 rats received bumetanide 15 minutes before administration of propofol to block NKCC1 Cl − transporter. Control rats received an equal volume of saline before propofol. EEG activity during anesthesia with propofol in animals pretreated with saline was not different from EEG activity recorded in animals anesthetized with propofol that did not receive any pretreatments. Therefore, data from saline-pretreated and non-pretreated animals were combined. No EEG seizures or spike activity were detected during anesthesia with propofol in P4-P6 rats pretreated with bumetanide ( Fig. 2, A-D) . A representative EEG, recorded from a bumetanide-pretreated P6 rat after administration of propofol, is shown in Fig. 2C .
To assess whether the propofol-caused increase in corticosteroid levels contributes to hyperexcitatory EEG events detected during anesthesia with propofol, separate groups of animals were pretreated before administration of propofol with either RU28318, an MR antagonist, or RU486, a GR antagonist. Among 5 animals pretreated with RU486 before administration of propofol, only 1 animal had a single episode of EEG seizures lasting for 4 seconds (Fig. 2B) . No seizure-like EEG activity was detected in animals anesthetized with propofol after pretreatment with RU28318 ( Fig. 2B ). Neither RU486 nor RU28318 depressed EEG spike activity (Fig. 2, C and D) . The vehicle for RU486 and RU28318, dimethyl sulfoxide, administered at equal volumes, did not have any obvious effects on EEG activity.
Etomidate, at a dose sufficient to induce loss of righting reflex in neonatal rats, was weak at eliciting EEG seizures but markedly enhanced EEG seizures caused by exogenous corticosterone.
Our findings suggest complementary roles of GABA A Rmediated excitation and increases in corticosteroid levels in EEG seizures caused by propofol in neonatal rats. To obtain further evidence for or against this possibility, we tested www.anesthesia-analgesia.org aNesthesia & aNalgesia the effects of etomidate, another anesthetic that enhances GABA A R activity but disrupts the adrenal synthesis of corticosteroids. We found that serum levels of corticosterone in blood samples, collected 1 hour after administration of etomidate in P4-P6 rats that underwent experimental manipulations identical to those used to study EEG activity, were higher than in those treated with vehicle (t (10) = −3.337; P = 0.0075, Fig. 3, A and B ), but lower than in those treated with propofol (t (10) = −3.289; P = 0.0082). Similarly, serum levels of aldosterone were elevated in animals injected with etomidate when compared to the saline-treated rats (t (10) = −5.529; P = 0.0003, Fig. 3 , A and C), but lower than in those treated with propofol (t (10) = −2.730; P = 0.0212). The latter data passed the Shapiro-Wilk test for normality (P = 0.558) and the equality of variance test (F-test; P = 0.169).
Etomidate caused EEG seizures in only 2 of 8 P4-P6 rats (Fig. 3, A, D , and E). The EEGs of animals anesthetized with etomidate exhibited only irregular and abbreviated spikes with frequencies from 0.01 to 1.09 Hz (Fig. 3D) . Exogenous corticosterone alone, administered to P4-P6 rats, caused EEG seizures (Fig. 3, A, D, and E) , but not spike-like EEG activity. Etomidate, administered to the corticosterone pretreated P4-P6 rats, further increased the total duration of EEG seizures (t (21) = −2.512, P = 0.0203; data were log transformed). The data passed the Shapiro-Wilk test for normality (P = 0.648) and the equality of variance test (F-test; P = 0.139). The duration of a single episode and the number of episodes of EEG seizures were not significantly increased ( Fig. 3 . A, D, and E).
DISCUSSION
The results of this study provide experimental evidence that propofol administered to neonatal rats causes abnormal excitation and adrenocortical hyperactivation as evident from episodes of EEG seizures, persistent spikes in EEGs, and increase in serum levels of corticosteroids, respectively. The EEG seizures caused by propofol were depressed by both MR and GR antagonists and by an inhibitor of the NKCC1 Cl − importer. These findings together with the weak effects of etomidate by itself on serum levels of corticosteroids and EEG seizures, but enhancement by etomidate of EEG seizures caused by exogenous corticosterone, suggest that both GABA A R-mediated excitation and an increase in corticosteroid levels are required for the proexcitatory effects of propofol in neonatal rats. These findings, especially those with etomidate, suggest that enhancement of GABA A R activity alone may not be sufficient to elicit neonatal EEG seizures.
At the neuronal level, enhancement of GABA A R activity is likely the central mechanism whereby propofol and etomidate induce anesthesia. At a molecular level, such a mechanism is suggested by the results of studies in genetically modified animals, in which the mutation in the same single amino acid of the β3 subunit of GABA A Rs [β3(N265M)] reduced the ability of propofol and etomidate to cause loss of righting reflex and eliminated their ability to prevent the response to a painful stimulus. 23, 24 Since the electrochemical gradients for the charge carriers through the GABA A R channels, but not the exact mechanisms of agonist-receptor interaction, determine whether enhancement of GABA A R activity results in excitatory or inhibitory signaling at a given membrane potential, factors, beyond anesthetic-enhanced GABA A R activity, are needed to explain the different excitatory EEG effects of propofol and etomidate in neonatal rats.
Our results support the possibility that a propofolinduced increase in secretion of corticosteroids in neonatal rats is at least 1 of the factors required for the proexcitatory effects of propofol. Corticosterone and aldosterone produce their effects not only via delayed genomic but also via rapid nongenomic pathways, 16, 17, 25 providing a mechanistic basis for their involvement in the acute EEG effects of propofol. Corticosterone binds to MRs with approximately 10-fold higher affinity than to GRs and is present in the brain in higher concentrations than aldosterone. 14, 15 Therefore, brain MRs primarily mediate the effects of corticosterone while GRs become increasingly involved in mediation of the effects of corticosterone at higher concentrations of the hormone. The depression of propofol-caused EEG seizures in neonatal rats by both MR and GR antagonists implicates an involvement of both MRs and GRs in mediation of the effects of propofol in neonatal rats. Corticosterone may cause excitation and contribute to the propofol-caused EEG seizures in neonatal rats by increasing presynaptic glutamate release, inhibiting glutamate uptake, inducing *P = 0.0075 and *P = 0.0003 versus serum levels of corticosterone and aldosterone, respectively, in P4-P6 rats injected with saline. D, Examples of spike electroencephalogram pattern after administration of etomidate (E) in a P5 rat, electroencephalographic seizures in a P4 rat after administration of corticosterone (C) and in a P5 rat pretreated with corticosterone before anesthesia with etomidate (C + E). E, Histograms showing properties of electroencephalographic seizures in P4-P6 rats during a 60-minute period after administration of corticosterone (C, n = 10) and after administration of etomidate to rats that received corticosterone 15 minutes earlier (C + E, n = 13). *P = 0.0203 versus corticosterone only.
www.anesthesia-analgesia.org aNesthesia & aNalgesia expression of NMDA and AMPA receptors. 16, 17 The finding that the corticosteroid receptor antagonists depress EEG seizures but, unlike bumetanide, do not prevent spike EEG activity implicates multiple mechanisms in mediating the excitatory EEG effects of propofol in neonatal rats.
This series of experiments demonstrates that the GABAergic anesthetic propofol causes an increase in serum levels of corticosterone and aldosterone in P4-P6 rats, an age period in rats when adrenocortical hormone secretion is less responsive to stress while the brain is more vulnerable to the effects of corticosteroids. A large body of evidence indicates that increased glucocorticoid levels resulting from pathophysiological conditions, therapeutic interventions, or stress can have profound effects on cognitive and emotional functions that may become apparent only later in life. [26] [27] [28] [29] [30] [31] The delays between anesthetic exposures and functional abnormalities reported in animal studies 32,33 support a potential role of the corticoids in the adverse developmental effects of general anesthetics. Despite the fact that etomidate disrupts synthesis of corticosteroids, we observed an increase in serum corticosteroid levels in animals treated with etomidate, though it was notably smaller than that in rats treated with propofol. It is plausible that changes in corticosteroid levels caused by etomidate may result from 2 opposite effects of the anesthetic-(a) inhibition of the adrenal synthesis of corticosteroids, 34 and (b) stimulation of signal transduction pathways resulting in corticosteroid secretion, an effect similar to that caused by propofol.
Collectively, our data demonstrate that a propofol-caused increase in serum levels of corticosteroids, along with developmental GABA A R-mediated excitation, is required for the acute effects of propofol to induce EEG seizures in neonatal rats.
The KCC2 Cl − exporter expression in human neocortex begins to increase at 40 weeks after conception and reaches its adult level at the end of the first year after birth, 8 supporting the applicability of anesthetic-enhanced neuronal activity to human neonates. Propofol may further decrease the KCC2/NKCC1 ratio by elevating systemic levels of aldosterone, which increases NKCC1 protein expression via a rapid mechanism that does not involve changes in mRNA expression. 35 Importantly, prematurely born low-birth-weight neonates have elevated systemic levels of aldosterone even without exposure to general anesthetics. 36 Clinical reports that support the presence of excessive GABA A R-mediated neuronal excitability are that bumetanide reduced seizures in a 6-week-old baby with intractable multifocal seizures 37 and alleviated symptoms in 3-to 11-year-old children with autism or Asperger syndrome, 38 disease states that are characterized by abnormal excitation/inhibition ratio in the brain. Finally, 2 clinical studies in the United States and Europe are under way to evaluate the antiepileptic properties of bumetanide in neonatal seizures. 39 
